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Description

FIELD OF THE INVENTION

[0001] The presentinvention pertains generally to sys-
tems for measuring the energy of a laser beam. More
particularly, the presentinvention pertains to systems for
measuring the energy of an ultra-short pulse of a laser
beam, wherein the laser beam comprises a plurality of
ultra-short pulses. The present invention is particularly,
but not exclusively, useful as a system and method for
measuring a predetermined portion of the energy of an
ultra-short pulse of a laser beam, for controlling the en-
ergy of the beam for laser refractive surgery.

BACKGROUND OF THE INVENTION

[0002] In many of the current applications for ultra-fast
(i.e. repetition rates in the range of 1-100 kHz), ultra-short
pulse lasers it is necessary or desirable to measure, and
in some cases control, the energy of the laser beam that
is incident on a target. For example, in laser refractive
surgery the "laser-tissue" interaction within the cornea of
the eye may be strongly energy dependent. It is prefer-
able, therefore, to be able to measure the energy of the
laser beam prior to the beam exiting the surgical laser
system and entering the eye. Many of the current means
for measuring the energy of pulsed laser beams are
based on pyroelectric or thermal principles. Unfortunate-
ly, these methods are not able to accurately measure the
energy of a single ultra-short laser pulse of a femtosec-
ond laser beam, i.e. a beam with pulse durations in the
range of about 1fs to 100 ps and pulse repetition rates
of several kilohertz. Thus, an alternative method is need-
ed to measure the energy of ultra-fast, ultra-short laser
pulse.

[0003] One possibility for measuring the energy of an
ultra-fast, ultra-short laser pulse is to define the meas-
urement function in terms of an equivalent electrical cir-
cuit. Using this approach, it would be possible to integrate
a voltage output of the circuit over time to yield a value
proportional to the input laser energy. Considering this
approach in greater detail, a photodiode can be used to
detect the individual pulses of a laser beam. When light
corresponding to the operational wavelength of the pho-
todiode is detected, the light is absorbed by the photodi-
ode and charge carriers are separated within the photo-
diode. It is well known that the amount of separated
charge carriers, which is actually the charge, is directly
proportional to the energy of the incident laser pulse. If
both ends of the photodiode are electrically connected,
the separated charge carriers will equalize and generate
a current. Notably, the integral of this current over time
is proportional to the amount of the separated charge
carriers. It follows, therefore, that the integral of a voltage
generated by the current is also proportional to the
amount of separated charge carriers. Importantly, the
value of this integral is the output value, and it is propor-
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tional to the energy of the incident laser pulse. With re-
gard to the integration of the voltage discussed above, a
fast analog integrator is used to calculate the integral.
The integration process can be started either before, dur-
ing, or very shortly after the laser pulse reaches the pho-
todiode.

[0004] There are several advantages to using a pho-
todiode circuit to define and quantify the pulse energy in
terms of the integral of the voltage. It should be noted,
however, that many photodiodes comprise "peak" value
detectors. Unfortunately, this type of detector is not ca-
pable of measuring ultra-short pulses at very high repe-
tition rates. Nonetheless, it should be possible with cer-
tain photodiodes well known in the pertinent art to meas-
ure the energy of a single ultra-short pulse. In this context
the measurement is actually the integration of the im-
pulse response of the photodiode. An advantage of inte-
grating the impulse response is that the measurement is
not dependent on the pulse duration or number of pulses.
A further advantage is that fluctuations of the photodi-
ode’s capacity do not affect the ultimate measurement.
Also, pulse to pulse energy measurements at high rep-
etition rates can be achieved.

[0005] In addition to quantifying the energy of a laser
pulse, the measured energy data can be used as feed-
back into a control loop for controlling the energy of the
laser beam as well. With regard to medical applications,
such as laser refractive surgery, both system efficiency
and patient safety drive the need for such positive control.
[0006] From US-A-5275594 is obtainable a system for
measuring energy in an ultra-short pulse of a laser beam,
comprising a means for directing the laser beam along
a beam path, a means for converting a portion of the
pulse energy into an electrical current, a means for am-
plifying the resulting voltage pulse, a means for integrat-
ing the amplified voltage pulse over a specified time pe-
riod in order to obtain a signal which is a measure of the
energy in a pulse and a laser timing generator for starting
the integration process.

[0007] US-A-5225884 is showing an apparatus for
measuring energy in an ultra-short pulse of a laser beam
which comprises alaser source for directing alaser beam
along a beam path, a photodiode for receiving a prede-
termined portion of the energy of each pulse, an amplifier
for amplifying the voltage pulse and an integrator for in-
tegrating the amplified voltage pulse over a specified time
period.

[0008] DE-A-40 29 530 is also showing an apparatus
for measuring energy in an ultra-short pulse of a laser
beam which comprises a laser source and a photodiode
for receiving a predetermined portion of the energy of
each uftra-short pulse of the laser beam to generate a
currenttherewith, wherein the current produces a voltage
pulse indicative of the energy in a single laser pulse.
[0009] Further, US-A-2003/0043445 is showing a po-
larisation control system and state of polarisation detec-
tors.

[0010] Inlightofthe above, itis an object of the present
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invention to provide a system and method for measuring
the energy of a laser beam. Another object of the present
invention is to provide a system and method for meas-
uring the energy of a single ultra-fast, ultra-short pulse
of a laser beam, wherein the laser beam comprises a
plurality of pulses at very high repetition rates, in the
range of 1-100 kHz. Yet another object of the present
invention is to provide a system and method for meas-
uring the energy of an ultra-fast, ultra-short pulse of a
laser beam for controlling the laser energy incident on a
target. Still another object of the present invention is to
provide a system and method for measuring the energy
of an ultra-fast, ultra-short pulse of a laser beam that is
easy to use, relatively simple to manufacture, and com-
paratively cost effective.

SUMMARY OF THE INVENTION

[0011] A system for measuring and controlling an en-
ergy in an ultra-short pulse of a laser beam according to
claim 1, wherein the laser beam comprises a plurality of
pulses, includes a laser source for directing the laser
beam along a beam path. An according inventive method
is obtainable from claim 5. Preferably the laser beam is
a femtosecond laser beam having pulses with durations
on the order of 1 femtosecond to 100 picoseconds. Ad-
ditionally, the system of the present invention includes a
subassembly for selectively reflecting a portion of the en-
ergy of the laser beam, while transmitting a remainder of
the laser beam along the beam path. More specifically,
the subassembly includes a rotating half-wave plate and
a polarizing beam splitter. The rotating half-wave plate
is positioned on the beam path for establishing an orien-
tation of the linear polarization of the laser beam. Further,
the polarizing beam splitter is optically aligned with the
half-wave plate for reflecting a predetermined portion of
the energy, and for transmitting the remainder of the laser
beam along the beam path.

[0012] Ascontemplated by the present invention, a la-
ser energy meter ("LEM") is positioned to receive the
predetermined portion of the laser beam that is reflected
by the polarizing beam splitter. Structurally, the LEM in-
cludes a photodiode for receiving the energy of each ul-
tra-short pulse, and for absorbing the energy to generate
a current. Preferably, an optical filter is integrated into
the LEM for controlling the energy incident on the pho-
todiode. Further, the LEM includes a resistor for applying
the current to generate a voltage pulse, and an amplifier
for amplifying the voltage pulse. Additionally, an integra-
tor is in electronic communication with the amplifier for
receiving and integrating the amplified voltage pulse over
a specified time period, to obtain an output signal. In ad-
dition to the LEM, the system of the present invention
indudes a comparator for comparing the output signal of
the LEMto a known reference signal, to generate an error
signal. Also, the comparator is in electronic communica-
tion with the half-wave plate for transmitting the error sig-
nal to the half-wave plate. The error signal is then used
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to rotate the half-wave plate, and thereby achieve the
desired laser energy level when the error signal is a nul-
lity.

[0013] In addition to the subassembly and LEM dis-
closed above, the system may also include a fixed-ratio
beam splitter positioned on the beam path downstream
from the polarizing beam splitter. More particularly, the
fixed-ratio beam splitter is positioned for extracting a fixed
portion of energy from each ultra-short pulse in the re-
mainder of the laser beam. Further, a "verification” LEM
may be optically aligned with the fixed-ratio beam splitter
for measuring the fixed portion of the energy extracted
by the fixed-ratio beam splitter. For the purposes of the
present invention, the verification LEM is structurally the
same as the LEM disclosed above. Also, the comparator
is in electronic communication with the verification LEM
for receiving and processing a remainder output signal
generated by the verification LEM.

[0014] In the operation of the present invention, the
laser source generates a linearly polarized laser beam
having an E-field vector that defines the orientation of
the polarization of the beam. Initially, the half-wave plate
is rotated about its axis of rotation to position a principal
axis of the plate at an angle "6" relative to the E-field
vector. As the laser beam transits the half-wave plate, a
new orientation of the polarization of the laser beam is
established. Specifically, as the laser beam transits the
half-wave plate, the E-field vector is rotated through an
angle of"28". After transiting the half-wave plate, the laser
beam is directed toward the polarizing beam splitter. In
the polarizing beam splitter, the beam is divided into two
orthogonal polarizations. More specifically, the polarizing
beam splitter reflects a first polarization, which is to say
the beam splitter reflects a predetermined portion of the
energy of each ultra-short laser pulse. Additionally, the
second polarization, which is the remainder of the laser
beam, is transmitted along the beam path.

[0015] Asenvisioned by the presentinvention, the pre-
determined portion of the energy of each pulse, reflected
by the polarizing beam splitter, is absorbed by the pho-
todiodeinthe LEM. Inthe LEM, the photodiode generates
a current at the resistor, which leads to a voltage pulse
atthe input to the amplifier. The voltage pulse is amplified
in the amplifier and subsequently transmitted to the inte-
grator, wherein the voltage pulse is integrated over a
specified time period. Consequently, an output signal is
generated by the integrator. As can be appreciated, the
output signal is a measure of the amount of charge pro-
duced in the photodiode. The amount of charge, in turn,
is a measure of the energy reflected by the polarizing
beam splitter and absorbed by the photodiode.

[0016] Atthe completion of the integration process, the
output signal is transmitted electronically to the compa-
rator. In one embodiment of the present invention, the
output signal is compared with a known reference signal
representative of the laser energy required at the target.
From this comparison of the output and reference sig-
nals, an error signal is generated. This error signal is then
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transmitted to the half-wave plate, and used to rotate the
half-wave plate. Rotation of the plate establishes a new
orientation of the polarization of the laser beam. As can
be appreciated by the skilled artisan, establishing a new
orientation for the polarization of the laser beam changes
the amount of energy that is reflected by the polarizing
beam splitter. Importantly, this change in the amount of
reflected energy is proportional to a change in the energy
of the remainder of the laser beam that is transmitted
along the beam path.

[0017] Withregard to the remainder of the laser beam,
the fixed-ratio beam splitter is positioned on the beam
path to receive the remainder of the laser beam. As the
remainder of the laser beam passes through the fixed-
ratio beam splitter, afixed portion of the energy from each
ultra-short pulse of the laser beam is extracted. Concur-
rently, the remaining portion of the beam is transmitted
toward the target. Preferably, the percentage of energy
extracted is in the range of one to five percent (1-5%) of
the total energy of the remainder of the beam. Further,
the extracted portion of the laser beam is reflected to-
wards the verification LEM. At the verification LEM, the
energy is absorbed and a remainder output signal is gen-
erated. It is to be understood that the remainder output
signal is a measure of the current produced in the pho-
todiode of the verification LEM. The current produced is,
in turn, a measure of the energy extracted from each
pulse of the remainder of the laser beam.

[0018] Once the integration process in the verification
LEM is complete, the comparator receives the remainder
output signal and compares the remainder output signal
with a known reference signal. A verification signal is
then generated. In the preferred embodiment of the
present invention, the verification signal is transmitted
directly to the half-wave plate in lieu of the error signal.
At the half-wave plate, the verification signal is used to
rotate the plate as necessary to establish a new orienta-
tion of the polarization of the beam. In an alternate em-
bodiment, the verification signal is compared with the er-
ror signal disclosed above. Any variances between the
verification signal and the error signal are resolved by
the comparator, and a new verification signal is transmit-
ted to the half-wave plate. As necessary, the half-wave
plate is rotated to establish a new orientation of the po-
larization of the laser beam. As discussed above, a
change in the orientation of the polarization of the laser
beam results in a change in the energy transmitted to-
ward the target in the remainder of the laser beam.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The novel features of this invention, as well as
the invention itself, both as to its structure and its oper-
ation, will be best understood from the accompanying
drawings, taken in conjunction with the accompanying
description, in which similar reference characters refer
to similar parts, and in which:
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Fig. 1 is a schematic of a system for measuring and
controlling the energy of an ultra-short pulse of a
laser beam, in accordance with the present inven-
tion;

Fig. 2 is a schematic of a laser energy meter for
measuring a predetermined portion of the energy of
an ultra-short pulse of a laser beam;

Fig. 3 is a perspective view of a subassembly of the
present invention, which includes a half-wave plate
for establishing an orientation of the polarization of
the laser beam, and a polarizing beam splitter for
reflecting a portion of the beam toward a laser energy
meter while transmitting a remainder of the beam
along the beam path;

Fig. 4 is a schematic of a control loop for controlling
the energy of a laser beam; and

Fig. 5 is a perspective view of a fixed-ratio beam
splitter for dividing a remainder of the laser beam
into two components, and reflecting one component
toward a laser energy meter while transmitting the
second component toward the target.

DESCRIPTION OF THE PREFERRED EMBODI-
MENTS

[0020] A system for measuring and controlling the en-
ergy of anultra-shortpulse in alaser beam, in accordance
with the present invention, is shown in Fig. 1 and is gen-
erally designated 10. As shown, the system 10 includes
a laser source 12 for directing a laser beam 14 to a target
16. Preferably, the laser source 12 is a femtosecond laser
source 12. More specifically, the pulse duration ofa single
pulse of the laser beam 14 is in the range of about 1
femtosecond to 100 picoseconds. As can be appreciated,
the laser beam 14 comprises a plurality of ultra-short
pulses, wherein each ultra-short pulse has an energy.
Also, the laser beam 14 is a linearly polarized beam 14.
In addition to the laser source 12, the system 10 of the
present invention includes a rotating half-wave plate 18.
Specifically, the half-wave plate 18 is of a type well known
in the pertinent art for establishing an orientation of the
polarization of the laser beam 14. As shown, the half-
wave plate 18 is positioned on the beam path 20 with an
axis of rotation 22 that is oriented parallel to the beam
path 20. Still referring to Fig. 1, a polarizing beam splitter
24 is positioned sequentially on the beam path 20 after
the half-wave plate 18. More particularly, the polarizing
beam splitter 24 is optically aligned with the half-wave
plate 18 for reflecting a predetermined portion 26 of the
energy of each ultra-short pulse of the laser beam 14.
Additionally, the beam splitter 24 transmits a remainder
28 of the laser beam 14 along the beam path 20 toward
the target 16. As further shown in Fig. 1, a laser energy
meter ("LEM") 30 is optically aligned with the polarizing
beam splitter 24 for receiving and measuring the prede-
termined portion 26 of the energy of each pulse.

[0021] Referring for a moment to Fig. 2, the LEM 30
of the present invention is shown in greater detail. As
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shown, the LEM 30 indudes a photodiode 32 for receiving
the predetermined portion 26 of the energy, and for gen-
erating a current. Preferably, the LEM 30 also includes
an optical filter 33 for controlling the energy incident on
the photodiode 32. As a result of being able to control
the incident energy, the system 10 of the present inven-
tion can include any number of laser sources 12 which
generate laser beams 14 having different energies. Fur-
ther, aresistor 34 is positioned to receive the current and
thereby produce a voltage pulse. Additionally, an ampli-
fier 36 is positioned to receive and amplify the voltage
pulse. As shown in Fig. 2, an integrator 38 is in electronic
communication with the amplifier 36 for integrating the
amplified voltage pulse over a specified time period, to
obtain an analog output signal. Preferably, the LEM 30
includes an A/D converter 40 for converting the analog
output signal to a digital signal. The LEM 30 also includes
a complex programmable logic device ("CPLD") 42 for
controlling the timing of the LEM 30. As further shown in
Fig. 2, the CPLD 42 is in electronic communication with
both the integrator 38 and the A/D converter 40. Also,
the LEM 30 includes a connector port 44 and a connector
port 46, wherein the connector port 44 is a digital COM-
interface port. As contemplated by the present invention,
a laser timing generator 48, for controlling the activation
of the primary LEM 30 and starting the integration proc-
ess, is connected to the connector port 46 via an electrical
wire 50.

[0022] Referringbackto Fig. 1, afixed-ratio beam split-
ter 52 is positioned on the beam path 20. More specifi-
cally, the fixed-ratio beam splitter 52 is positioned se-
guentially on the beam path 20 after the polarizing beam
splitter 24. Of note, an optical assembly 56 (shown in
phantom), which houses the optics required to focus the
laser beam 14 to a focal point, is positioned between the
polarizing beam splitter 24 and the fixed-ratio beam split-
ter 52. Further, a verification LEM 58 is optically aligned
with the fixed-ratio beam splitter 52 for receiving and
measuring the fixed portion 54 of energy extracted by
the fixed-ratio beam splitter 52. As envisioned by the
present invention, the verification LEM 58 is structurally
and functionally the same as the LEM 30. Also, a com-
parator 60 is in electronic communication with the LEM
30 and with the LEM 58, via electrical cables 62 and 64
respectively. Additionally, the comparator 60 is in elec-
tronic communication with the half-wave plate 18 via
electrical cable 66.

[0023] In the operation of the present invention, the
laser source 12 generates alaser beam 14 whichis trans-
mitted along the beam path 20 toward the half-wave plate
18. As shown in Fig. 3, the laser beam 14 is represented
as a linearly polarized beam 14. More specifically, the
laser beam 14 has an E vector 68 that lies in a plane 70
which is perpendicular to the beam path 20. In this con-
text, it is to be understood that the E vector 68 defines
the orientation of the polarization of the beam 14. Still
referring to Fig. 3, it can be seen that as the half-wave
plate 18 is rotated, the orientation of the polarization of
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the beam 14 is also changed. More particularly, when
the half-wave plate 18 is rotated about the axis of rotation
22 through an angle "8", the E vector 68 subsequently
rotates through an angle of "26". Stated differently, as
the laser beam 14 transits the half-wave plate 18, the
orientation of the polarization of the beam 14 is changed
by "26" degrees.

[0024] After transiting the half-wave plate 18, the laser
beam 14 enters the polarizing beam splitter 24. As further
shown in Fig. 3, the polarizing beam splitter 24 reflects
a predetermined portion 26 of the energy of the beam 14
toward the LEM 30. Further, a predetermined remainder
28 of the beam 14 is transmitted along the beam path
20. Importantly, the ratio of reflected energy to transmit-
ted energy is a known ratio which is dependent upon the
orientation of the polarization of the beam 14. As dis-
closed above, the half-wave plate 18 is used to establish
the orientation of the polarization of the laser beam 14.
It can be appreciated by the skilled artisan, therefore,
that the half-wave plate 18 is used to control the amount
of energy transmitted toward the target 16 in the remain-
der 28 of the laser beam 14.

[0025] Cross-referencing for a moment Fig. 2 with Fig.
3, itcan be seen that the predetermined portion 26 of the
energy reflected by polarizing beam splitter 24 is directed
toward the LEM 30. As the predetermined portion 26 of
the energy approaches the LEM 30, the laser timing gen-
erator 48 activates the LEM 30. Specifically, the laser
timing generator 48 transmits a command signal to the
CPLD 42, via the connector port 46, to initiate the oper-
ation of the LEM 30. Once the LEM 30 is activated, the
photodiode 32 absorbs the predetermined portion 26 of
the energy of each ultra-short pulse transmitted through
the optical filter 33. Absorption of the pulse energy pro-
duces separated charge carriers in the photodiode 32,
which leads to a current at the resistor 34. The current,
in turn, is used to generate a voltage pulse that is trans-
mitted to the amplifier 36. In the amplifier 36, the voltage
pulse is amplified and subsequently transmitted to the
integrator 38. As envisioned by the presentinvention, the
integrator 38 integrates the voltage pulse over a specified
time period to obtain an output signal 72 (Fig. 4). It can
be appreciated that the output signal 72 is proportional
to the amount of charge produced in the photodiode 32.
The amount of charge is, in turn, a measure of the pre-
determined portion 26 of the energy from each ultra-short
pulse reflected by the polarizing beam splitter 24. It fol-
lows, therefore, that by knowing the ratio of energy re-
flected to energy transmitted by the polarizing beam split-
ter 24, it is possible to quantify the amount of energy in
the remainder 28 of the beam 14.

[0026] Still referring to Fig. 2, the output signal 72 (Fig.
4) of the integrator 38 is transmitted through the A/D con-
verter 40, wherein the output signal 72 is converted from
an analog signal to a digital signal. Further, the digital
signal is transmitted through the CPLD 42 and the con-
nector port 44 to the comparator 60. After receiving the
output signal 72, the comparator 60 compares the output
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signal 72 with a known reference signal to obtain an error
signal 74 (Fig. 4).

[0027] Importantly, in one embodiment of the present
invention, the error signal 74 can be used in the control
of the energy of the laser beam 14. Referring now to Fig.
4, aschematic of acontrol loop 76 of the presentinvention
is presented. As shown, the comparator 60 receives input
data in the form of a set point (SP), which is a known
reference signal. Also, the comparator 60 receives the
output signal 72 from the LEM 30. From these inputs, the
comparator 60 calculates an error signal 74 which is
transmitted to the rotating half-wave plate 18. As can be
appreciated by referring to Fig. 3, the error signal 74 is
used to rotate the half-wave plate 18 through an angle
of "A@". As discussed above, rotation of the half-wave
plate 18, relative to the orientation of the E vector 68,
establishes a new orientation of the polarization of the
laser beam 14. Specifically, by rotating the half-wave
plate 18 through a subsequent angle of "A8", the E vector
68 is rotated through a subsequent angle of "2A8", as
shownin Fig. 3. A change in the orientation of the E vector
68 results in a new remainder 28 of the laser beam 14
being transmitted toward the target 16. Importantly, con-
trol of the energy of the laser beam 14 may be an iterative
process whereby an updated signal 72 from the LEM 30
is periodically transmitted to the comparator 60 for use
in calculating a new error signal 74.

[0028] Referring once again to Fig. 1, the remainder
28 of the laser beam 14 is transmitted along the beam
path 20. More specifically, the remainder 28 passes
through the optical assembly 56, wherein the remainder
28 of the laser beam 14 is focused to a focal point 57 on
the target 16. After transiting the optical assembly 56,
the remainder 28 of the laser beam 14 enters the fixed-
ratio beam splitter 52. Cross-referencing now to Fig. 1
and Fig. 5, it can be seen that a fixed portion 54 of the
energy of each ultra-short pulse of the remainder 28 is
extracted by the fixed-ratio beam splitter 52. The remain-
ing energy 78 is transmitted toward the target 16. Pref-
erably, the fixed portion 54 of the energy represents a
range of one to five percent (1-5%) of the total energy of
the remainder 28 of the laser beam 14. As shown in both
Fig. 1 and Fig. 5, the fixed portion 54 of the energy enters
the verification LEM 58, wherein a remainder output sig-
nal 80 (Fig. 4) is generated. Following the operation of
the verification LEM 58, the remainder output signal 80
is transmitted to the comparator 60 via electrical line 64.
[0029] Inthe comparator 60, the remainder output sig-
nal 80 is compared to the known reference signal to gen-
erate a verification signal 81. In the preferred embodi-
ment of the present invention, the verification signal 81
is transmitted directly to the haff-wave plate 18, in lieu of
the error signal 74, to rotate the plate 18 and establish a
new orientation of the polarization of the laser beam 14.
In an altemate embodiment, the verification signal 81 is
compared to the error signal 74 of the LEM 30. Any var-
iations between the error signal 74 and the verification
signal 81 are resolved by the comparator 60, and the
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verification signal 81 is recalculated as necessary. Sub-
sequently, the verification signal 81 is transmitted to the
half-wave plate 18, to rotate the plate 18 and establish a
new orientation of the polarization of the laser beam 14.
As disclosed above, a new orientation of the polarization
results in anew remainder 28 of the laser beam 14, which
is representative of the energy of that portion of the beam
14 striking the target 16.

[0030] While the particular System and Method for
Measuring and Controlling an Energy of an Ultra-Short
Pulse of a Laser Beam as herein shown and disclosed
in detail is fully capable of obtaining the objects and pro-
viding the advantages herein before stated, it is to be
understood that it is merely illustrative of the presently
preferred embodiments of the invention and that no lim-
itations are intended to the details of construction or de-
sign herein shown other than as described in the append-
ed claims.

Claims

1. Asystem (10) for measuring energy in an ultra-short
pulse of a laser beam (14), wherein the laser beam
(14) has a polarization; which comprises:

a means (12) for directing the laser beam (14)
along abeam path (20), wherein said laser beam
(14) includes a plurality of the ultra-short pulses,
and each pulse has an energy;

a means (32) for converting a predetermined
portion (26) of the energy of each ultra-short
pulse of the laser beam (14) into an electrical
current, wherein the current produces a voltage
pulse indicative of the energy in a single laser
pulse;

a means (36) for amplifying said voltage pulse;
a means (38) for integrating the amplified volt-
age pulse over a specified time period to obtain
an output signal (72), wherein the output signal
(72) is ameasure of the energy in an uftra-short
pulse of the laser beam (14);

a laser timing generator (48) for starting the in-
tegration process;

a rotating half-wave plate (18) positioned on the
beam path (20) for establishing an orientation
of the polarization of the laser beam (14);

a polarizing beam splitter (24) optically aligned
with said rotating half-wave plate (18) for reflect-
ing the predetermined portion (26) of the energy
of each ultra-short pulse of the laser beam (14)
toward said converting means (32), and for
transmitting a remainder (28) of the laser beam
(14) along the beam path (20);

a comparator (60) for controlling said half-wave
plate (18), wherein said comparator (60) com-
pares the output signal (72) with a known refer-
ence signal to generate an error signal (74), and
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wherein said comparator (60) compares the re-
mainder output signal (80) to the known refer-
ence signalto generate a verification signal (81),
and further wherein the verification signal (81)
is compared to the error signal (74) to compen-
sate the verification signal (81) as needed to ro-
tate said half-wave plate (18) and establish the
orientation of the polarization of the laser beam
(14);

a programmable logic device (42) for controlling
the timing of the laser energy measurement;

a means (52) for extracting a fixed portion (54)
of the energy from each ultra-short pulse in the
remainder (28) of the laser beam (14); and

a means (58) for measuring the fixed portion of
the energy.

A system (10) as recited in claim 1, wherein the di-
recting means (12) is a laser source (12), wherein
the converting means (32) is a photodiode (32),
wherein the amplifying means (36) is an amplifier
(36) and wherein the integrating means (38) is an
integrator (38).

A system (10) as recited in claims 1 or 2, wherein
said extracting means (52) is a fixed-ratio beam split-
ter (52).

A system (10) as recited in claim 3 wherein said
measuring means (58) is a verification laser energy
meter (58), and further wherein said verification laser
energy meter (58) comprises:

a photodiode (32) for receiving the fixed portion
of the energy of each ultra-short pulse of the
remainder (28) of the laser beam (14) to gener-
ate a remainder current therewith, wherein the
remainder current produces a remainder volt-
age pulse indicative of the energy in a single
laser pulse in the remainder (28) of the laser
beam (14);

an amplifier (36) for amplifying the remainder
voltage pulse; and

an integrator (38) for integrating the amplified
remainder voltage pulse over a specified time
period to obtain a remainder output signal (80),
wherein the remainder output signal (80) is a
measure of the energy in an ultra-short pulse
from the remainder (28) of the laser beam (14).

5. A method for measuring energy in an ultra-short

pulse of a laser beam (14), wherein the laser beam
(14) has apolarization, which comprises the steps of:

directing a laser beam (14) along a beam path
(20), wherein the laser beam (14) includes a plu-
rality of the ultra-short pulses, and each pulse
has an energy;
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conversing a predetermined portion of the en-
ergy of each ultra-short pulse of the laser beam
(14) into an electrical current, wherein the cur-
rent produces a voltage pulse indicative of the
energy in a single laser pulse;

amplifying said voltage pulse;

integrating the amplified voltage pulse over a
specified time period to obtain an output signal
(72), wherein the output signal (72) is a measure
of the energy of an ultra-short pulse from the
laser beam (14) and wherein the integrating
process is started by a laser timing generator
(48);

passing the laser beam (14) through a rotating
half-wave plate (18) positioned on the beam
path (20), wherein said rotating half-wave plate
(18) establishes an orientation of the polariza-
tion of the laser beam (14); and

dividing the laser beam (14) with a polarizing
beam splitter (24) which is optically aligned with
said half-wave plate (18) to reflect the predeter-
mined portion (26) of the energy of each ultra-
short pulse toward said photodiode (32), and to
transmit a remainder (28) of the laser beam (14)
along the beam path (20);

comparing the output signal (72) with a known
reference signal to generate an error signal (74),
wherein said error signal (74) is used for rotating
said half-wave plate (18) to establish the orien-
tation of the polarization of the laser beam (14)
for controlling the energy transmitting in the re-
mainder (28) of the laser beam (14);

dividing the remainder (28) of the laser beam
(14) with a fixed-ratio beam splitter (52), wherein
said fixed-ratio beam splitter (52) extracts a fixed
portion (54) of the energy from each ultra-short
pulse in the remainder (28) of the laser beam
(14);

activating a verification laser energy meter (58)
positioned to receive the fixed portion (54) of the
energy of each ultra-short pulse, for generating
a remainder output signal (64);

comparing the remainder output signal (64) of
said verification laser energy meter (58) to a
known reference signal for generating a verifi-
cation signal (81); and

applying the verification signal (81) to rotate said
half-wave plate (18) to establish the orientation
of the polarization of the laser beam (14) for con-
trolling the energy transmitting in the remainder
(28) of the laser beam (14).

Patentanspriiche

System (10) zum Messen der Energie in einem ul-
trakurzen Puls eines Laserstrahls (14), wobei der
Laserstrahl (14) eine Polarisation aufweist, umfas-
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send:

ein Mittel (12) zum Richten des Laserstrahls (14)
entlang eines Strahlpfads (20), wobei der Laser-
strahl (14) eine Vielzahl der ultrakurzen Pulse
aufweist und wobei jeder Puls eine Energie auf-
weist,

ein Mittel (32) zum Konvertieren einer vorbe-
stimmten Menge (26) der Energie eines jeden
ultrakurzen Pulses des Laserstrahls (14) in ei-
nen elektrischen Strom, wobei der Strom einen
Spannungspuls erzeugt, der die Energie in ei-
nem einzelnen Laserpuls anzeigt,

ein Mittel (36) zum Verstarken des Spannungs-
pulses,

ein Mittel (38) zum Integrieren des verstérkten
Spannungspulses Uber eine spezifizierte Zeit-
dauer hinweg, um ein Ausgangssignal (72) zu
erhalten, wobei das Ausgangssignal (72) ein
Maf der Energie in einem ultrakurzen Puls des
Laserstrahls (14) ist,

einen Lasersteuergenerator (48) zum Starten
des Integrationsprozesses,

eine drehende Halbwellenplatte (18), die auf
dem Strahlpfad (20) zur Erzeugung einer Orien-
tierung der Polarisation des Laserstrahls (14)
angeordnet ist,

einen polarisierenden Strahlteiler (24), der mit
der drehenden Halbwellenplatte (18) zur Refle-
xion der vorbestimmten Menge (26) der Energie
eines jeden ultrakurzen Pulses des Laserstrahls
(14) zu dem Konvertierungsmittel (32) hin und
zur Transmission eines Rests (28) des Laser-
strahls (14) entlang des Strahlpfads (20) optisch
fluchtend angeordnet ist,

einen Komparator (60) zum Steuern der Halb-
wellenplatte (18), wobei der Komparator (60)
das Ausgangssignal (72) mit einem bekannten
Referenzsignal vergleicht, um ein Fehlersignal
(74) zu erzeugen, und wobei der Komparator
(60) das Restausgangssignal (80) mit dem be-
kannten Referenzsignal vergleicht, um ein Ve-
rifikationssignal (81) zu erzeugen, und wobei
des Weiteren das Verifikationssignal (81) mit
dem Fehlersignal (74) verglichen wird, um das
Verifikationssignal (81) zu kompensieren, wie
dies zum Drehen der Halbwellenplatte (18) und
zum Erzeugen der Orientierung der Polarisation
des Laserstrahls (14) erforderlich ist,

eine programmierbare logische Einrichtung (42)
zum Steuern des Timings der Laserenergie-
messung,

ein Mittel (52) zum Extrahieren einer festgeleg-
ten Menge (54) der Energie aus jedem ultrakur-
zen Puls in dem Rest (28) des Laserstrahls (14)
und

ein Mittel (58) zum Messen der festgelegten
Menge der Energie.
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2.

System (10) nach Anspruch 1, wobei das Richtmittel
(12) eine Laserquelle (12) ist, wobei das Konvertier-
mittel (32) eine Fotodiode (32) ist, wobei das Ver-
starkungsmittel (36) ein Verstarker (36) istund wobei
das Integriermittel (38) ein Integrator (38) ist.

System (10) nach Anspruch 1 oder 2, wobei das Ex-
trahiermittel (52) ein Strahlteiler (52) mit festgeleg-
tem Teilerverhaltnis ist.

System (10) nach Anspruch 3, wobei das Messmittel
(58) ein verifizierendes Laserenergiemessgerat (58)
ist und wobei des Weiteren das verifizierende Laser-
energiemessgerat (58) umfasst:

eine Fotodiode (32) zum Empfangen der fest-
gelegten Menge der Energie eines jeden ultra-
kurzen Pulses des Rests (28) des Laserstrahls
(14), um dadurch einen Reststrom zu erzeu-
gen, wobei der Reststrom einen Restspan-
nungspuls erzeugt, der die Energie in einem ein-
zelnen Laserpuls in dem Rest (28) des Laser-
strahls (14) anzeigt,

einen Verstarker (36) zum Verstarken des Rest-
spannungspulses und

einen Integrator (38) zum Integrieren des ver-
starkten Restspannungspulses uber eine spe-
zifizierte Zeitdauer hinweg, um ein Restaus-
gangssignal (80) zu erhalten, wobei das Rest-
ausgangssignal (80) ein MaR fur die Energie in
einem ultrakurzen Puls des Rests (28) des La-
serstrahls (14) ist.

Verfahren zum Messen der Energie in einem ultra-
kurzen Puls eines Laserstrahls (14), wobei der La-
serstrahl (14) eine Polarisation aufweist, das die fol-
genden Schritte aufweist:

Richten eines Laserstrahls (14) entlang eines
Strahlpfads (20), wobei der Laserstrahl (14) eine
Vielzahl der ultrakurzen Pulse aufweist und wo-
bei jeder Puls eine Energie aufweist,
Konvertieren einer vorbestimmten Menge der
Energie eines jeden ultrakurzen Pulses des La-
serstrahls (14) in einen elektrischen Strom, wo-
bei der Strom einen Spannungspuls erzeugt,
der die Energie in einem einzelnen Laserpuls
anzeigt,

Verstarken des Spannungspulses,

Integrieren des verstarkten Spannungspulses
Uber eine spezifizierte Zeitdauer hinweg, um ein
Ausgangssignal (72) zu erhalten, wobei das
Ausgangssignal (72) ein MafR flir die Energie ei-
nes ultrakurzen Pulses des Laserstrahls (14) ist
und wobei der Integrationsprozess mittels eines
Lasersteuergenerators (48) gestartet wird,
Leiten des Laserstrahls (14) durch eine drehen-
de Halbwellenplatte (18), die auf dem Strahlpfad
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(20) angeordnet ist, wobei die drehende Halb-
wellenplatte (18) eine Orientierung der Polari-
sation des Laserstrahls (14) erzeugt, und
Teilen des Laserstrahls (14) mit einem polari-
sierenden Strahlteiler (24), der mit der Halbwel-
lenplatte (18) optisch fluchtet, um die vorbe-
stimmte Menge (26) der Energie eines jeden ul-
trakurzen Pulses zu der Fotodiode (32) hin zu
reflektieren und um einen Rest (28) des Laser-
strahls (14) entlang des Strahlpfads (20) zu
transmittieren,

Vergleichen des Ausgangssignals (72) mit ei-
nem bekannten Referenzsignal, um ein Fehler-
signal (74) zu erzeugen, wobei das Fehlersignal
(74) zum Drehen der Halbwellenplatte (18) ver-
wendet wird, um die Orientierung der Polarisa-
tion des Laserstrahls (14) zur Steuerung der En-
ergie festzulegen, die im Rest (28) des Laser-
strahls (14) transmittiert,

Teilen des Rests (28) des Laserstrahls (14) mit
einem Strahlteiler (52) mit festgelegtem Teiler-
verhdltnis, wobei der Strahlteiler (52) mit fest-
gelegtem Teilerverhéltnis eine festgelegte Men-
ge (54) der Energie aus jedem ultrakurzen Puls
in dem Rest (28) des Laserstrahls (14) extra-
hiert,

Aktivieren eines verifizierenden Laserenergie-
messgerats (58), das zum Empfangen der fest-
gelegten Menge (54) der Energie eines jeden
ultrakurzen Pulses positioniert ist, um ein Rest-
ausgangssignal (64) zu erzeugen,

Vergleichen des Restausgangssignals (64) des
verifizierenden Laserenergiemessgerats (58)
mit einem bekannten Referenzsignal zum Er-
zeugen eines Verifikationssignals (81) und
Verwenden des Verifikationssignals (81) zum
Drehen der Halbwellenplatte (18), um die Ori-
entierung der Polarisation des Laserstrahls (14)
zur Steuerung der in dem Rest (28) des Laser-
strahls (14) transmittierenden Energie festzule-
gen.

Revendications

1. Systeme (10) de mesure de I'énergie d'une impul-
sion ultra-courte d’un faisceau laser (14), danslequel
le faisceau laser (14) a une polarisation, qui
comprend :

un moyen (12) pour diriger le faisceau laser (14)
le long d’'unchemin de faisceau (20), dans lequel
ledit faisceau laser (14) comprend une pluralité
des impulsions ultra-courtes, et chaque impul-
sion a une énergie ;

un moyen (32) pour convertir une partie prédé-
terminée (26) de I'énergie de chaque impulsion
ultra-courte du faisceau laser (14) en un courant
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électrique, dans lequel le courant produit une
impulsion de tension indicative de I'énergie dans
une seule impulsion laser ;

un moyen (36) pour amplifier ladite impulsion de
tension ;

un moyen (38) pour intégrer I'impulsion de ten-
sion amplifiée sur une période spécifiée pour
obtenir un signal de sortie (72), dans lequel le
signal de sortie (72) estune mesure de I'énergie
dans une impulsion ultra-courte du faisceau la-
ser (14) ;

un générateur de synchronisation laser (48)
pour démarrer le procédé d'intégration ;

une plaque demi-onde rotative (18) positionnée
sur le chemin de faisceau (20) pour établir une
orientation de la polarisation du faisceau laser
(14);

un séparateur de faisceau polarisant (24) opti-
guement aligné avec ladite plague demi-onde
rotative (18) pour réfléchir la partie prédétermi-
née (26) de I'énergie de chaque impulsion ultra-
courte du faisceau laser (14) vers ledit moyen
de conversion (32), et pour transmettre un reste
(28) du faisceau laser (14) le long du chemin de
faisceau (20) ;

un comparateur (60) pour contrdler ladite plaque
demi-onde (18), dans lequel ledit comparateur
(60) compare le signal de sortie (72) avec un
signal de référence connu pour générer un si-
gnal d’erreur (74), et dans lequel ledit compara-
teur (60) compare le signal de sortie restant (80)
au signal de référence connu pour générer un
signal de vérification (81), et en outre dans le-
quel le signal de vérification (81) est comparé
au signal d’erreur (74) pour compenser le signal
de vérification (81) si nécessaire pour faire tour-
ner ladite plaque demi-onde (18) et établir
I'orientation de la polarisation du faisceau laser
(14);

un dispositif de logique programmable (42) pour
contrdler la synchronisation de la mesure de
I'énergie laser ;

un moyen (52) pour extraire une partie fixe (54)
de I'énergie de chaque impulsion ultra-courte
dans le reste (28) du faisceau laser (14) ; et
un moyen (58) pour mesurer la partie fixe de
I'énergie.

Systeme (10) selon la revendication 1, dans lequel
le moyen de direction (12) est une source laser (12),
dans lequel le moyen de conversion (32) est une
photodiode (32), dans lequel le moyen d’amplifica-
tion (36) est un amplificateur (36) et dans lequel le
moyen d’intégration (38) est un intégrateur (38).

Systeme (10) selon la revendication 1 ou 2, dans
lequel ledit moyen d’extraction (52) est un sépara-
teur de faisceau a rapport fixe (52).
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Systeme (10) selon la revendication 3, dans lequel
ledit moyen de mesure (58) est un dispositif de me-
sure d’énergie laser de vérification (58), et en outre
dans lequel ledit dispositif de mesure d’énergie laser
de vérification (58) comprend :

une photodiode (32) pour recevoir la partie fixe
de I'énergie de chaque impulsion ultra-courte du
reste (28) du faisceau laser (14) pour générer
un courant restant avec celle-ci, dans lequel le
courantrestant produit une impulsion de tension
restante indicative de I'énergie dans une seule
impulsion laser dans le reste (28) du faisceau
laser (14) ;

un amplificateur (36) pour amplifier I'impulsion
de tension restante ; et

un intégrateur (38) pour intégrer I'impulsion de
tension restante amplifi€ée sur une période spé-
cifiée pour obtenir un signal de sortie restant
(80), dans lequel le signal de sortie restant (80)
est une mesure de I'énergie dans une impulsion
ultra-courte du reste (28) du faisceau laser (14).

Procédé de mesure de I'énergie dans une impulsion
ultra-courte d'un faisceau laser (14), dans lequel le
faisceau laser (14) a une polarisation, qui comprend
les étapes consistant a :

diriger unfaisceau laser (14) le long d’'un chemin
de faisceau (20) ou le faisceau laser (14) com-
prend une pluralité desimpulsions ultra-courtes,
et chaque impulsion a une énergie ;

convertir une partie prédéterminée de I'énergie
de chaque impulsion ultra-courte du faisceau la-
ser (14) en un courant électrique, ou le courant
produit une impulsion de tension indicative de
I'énergie dans une seule impulsion laser ;
amplifier ladite impulsion de tension ;

intégrer I'impulsion de tension amplifiée sur une
période spécifiée

pour obtenir un signal de sortie (72), ou le signal
de sortie (72) est une mesure de I'énergie d'une
impulsion ultra-courte du faisceau laser (14) et
ou le procédé d'intégration est démarré par un
générateur de synchronisation laser (48) ;
passer le faisceau laser (14) a travers une pla-
que demi-onde rotative (18) positionnée sur le
chemin de faisceau (20), ou ladite plaque demi-
onde rotative (18) établit une orientation de la
polarisation du faisceau laser (14) ; et

diviser le faisceau laser (14) avec un séparateur
de faisceau polarisant (24) qui est optiquement
aligné avec ladite plaque demi-onde (18) pour
réfléchir la partie prédéterminée (26) de I'éner-
gie de chaque impulsion ultra-courte vers ladite
photodiode (32), et pour transmettre un reste
(28) du faisceau laser (14) le long du chemin de
faisceau (20) ;
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10

18

comparer le signal de sortie (72) avec un signal
de référence connu pour générer un signal d’er-
reur (74), ou ledit signal d’erreur (74) est utilisé
pour faire tourner ladite plaque demi-onde (18)
pour établir I'orientation de la polarisation du
faisceau laser (14) pour controler I'énergie
transmise dans le reste (28) du faisceau laser
(14);

diviser le reste (28) du faisceau laser (14) avec
un séparateur de faisceau a rapport fixe (52),
ou ledit séparateur de faisceau a rapport fixe
(52) extrait une partie fixe (54) de I'énergie de
chaque impulsion ultra-courte dans le reste (28)
du faisceau laser (14) ;

activer un dispositif de mesure d'énergie laser
de vérification (58) positionné pour recevoir la
partie fixe (54) de I'énergie de chaque impulsion
ultra-courte, pour générer un signal de sortie
restant (64) ;

comparer le signal de sortie restant (64) dudit
dispositif de mesure d’énergie laser de vérifica-
tion (58) & un signal de référence connu pour
générer un signal de vérification (81) ; et
appliquer le signal de vérification (81) pour faire
tourner ladite plague demi-onde (18) pour établir
I'orientation de la polarisation du faisceau laser
(14) pour contrdler I'énergie transmise dans le
reste (28) du faisceau laser (14).
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